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Albicidin is a pathotoxin produced by Xanthomonas albilineans, a xylem-invading pathogen that causes leaf
scald disease of sugarcane. Albicidin is synthesized by a nonribosomal pathway via modular polyketide
synthase and nonribosomal peptide synthetase (NRPS) megasynthases, and NRPS adenylation (A) domains
are responsible for the recognition and activation of specific amino acid substrates. DNA fragments (0.5 kb)
encoding the regions responsible for the substrate specificities of six albicidin NRPS A domains from 16 strains
of X. albilineans representing the known diversity of this pathogen were amplified and sequenced. Polymor-
phism analysis of these DNA fragments at different levels (DNA, protein, and NRPS signature) showed that
these pathogenicity loci were highly conserved. The conservation of these loci most likely reflects purifying
selective pressure, as revealed by a comparison with the variability of nucleotide and amino acid sequences of
two housekeeping genes (atpD and efp) of X. albilineans. Nevertheless, the 16 strains of X. albilineans were
differentiated into several groups by a phylogenetic analysis of the nucleotide sequences corresponding to the
NRPS A domains. One of these groups was representative of the genetic diversity previously found within the
pathogen by random fragment length polymorphism and amplified fragment length polymorphism analyses.
This group, which differed by three single synonymous nucleotide mutations, contained only four strains of X.
albilineans that were all involved in outbreaks of sugarcane leaf scald. The amount of albicidin produced in
vitro in agar and liquid media varied among the 16 strains of X. albilineans. However, no relationship among
the amount of albicidin produced in vitro and the pathotypes and genetic diversity of the pathogen was found.
The NRPS loci contributing to the synthesis of the primary structure of albicidin apparently are not involved
in the observed pathogenicity differences among strains of X. albilineans.
Xanthomonas albilineans is a systemic, xylem-invading patho-
gen that causes leaf scald disease, one of the major diseases of
sugarcane (interspecific hybrids of Saccharum spp.) (24, 25). Leaf
scald symptoms include leaf chlorosis, necrosis, wilting, and plant
death. Since the end of the 1980s, outbreaks of the disease in
several sugarcane-producing locations, such as the Dominican
Republic, France (Guadeloupe), Mauritius, Taiwan, and the
United States (Florida, Louisiana, and Texas), have occurred. To
understand the nature of these outbreaks, a first study of the
worldwide genetic variation of the pathogen by pulsed-field gel
electrophoresis (PFGE) was undertaken. A total of 218 strains
from 31 geographic locations were distributed among eight
groups, and the recent disease outbreaks were associated with
strains of the pathogen belonging to a single group called PFGE
group B (14).
X. albilineans produces a toxin called albicidin that has phy-
totoxic and antibiotic properties (1). Albicidin targets chloro-
plastic DNA gyrase (17) and plays a key role in pathogenesis
because albicidin-defective mutants are no longer able to cause
disease symptoms (2, 5, 6). This pathotoxin inhibits chloroplast
DNA replication, blocks chloroplast differentiation, and is
therefore responsible for the characteristic chlorotic leaf
streaks and whitening of the foliage (1). Additionally, albicidin
inhibits prokaryotic DNA replication and is bactericidal to a
range of gram-positive and gram-negative bacteria (3, 4). Low
yields of albicidin production by X. albilineans (0.2 mg of pu-
rified toxin per liter of culture) have slowed studies into the
purification and characterization of the toxin, and the chemical
structure of albicidin remains unknown (1).
Recently, the entire albicidin biosynthetic gene cluster from
X. albilineans strain Xa23R1 from Florida was cloned and
sequenced (27, 28). This cluster contains 20 open reading
frames (albI to albXX), including three large polyketide syn-
thase (PKS) and nonribosomal peptide synthetase (NRPS)
genes. Transposon mutagenesis and complementation studies
demonstrated that these three PKS and NRPS genes are re-
quired for albicidin production (18, 27, 28). PKS and NRPS are
megasynthases organized into repeated functional units known
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as modules, each of which is responsible for a discrete stage of
polyketide or polypeptide chain elongation (7). Moreover,
each module comprises a series of catalytic domains which act
sequentially to assemble and modify the molecule. Among
these domains, the acyltransferase domains and the adenyla-
tion domains (A domains) in PKS and NRPS, respectively,
play an important role in the recognition and activation of a
specific substrate because of their specificity for their cognate
substrates (7, 15, 31). The substrate binding pocket of the
phenylalanine NRPS A domain of the gramicidin S synthetase
(GrsA) from Brevibacillus brevis was identified previously by
crystal structure analysis as a stretch of about 100 amino acid
residues between highly conserved motifs A4 and A5 (13).
Based on sequence analyses of known A domains in relation to
the crystal structure of the GrsA (Phe) substrate binding
pocket, two similar models have been published to predict the
amino acid substrate recognized by an unknown NRPS A do-
main (8, 32). These predictive models postulate specificity-
conferring signatures for NRPS A domains consisting of crit-
ical amino acid residues putatively involved in amino acid
substrate specificity. In addition, based on the crystal structure
of an aryl acid-activating domain, an aryl acid specificity NRPS
signature within the A4-A5 region of aryl acid-specifying
NRPS modules was also identified previously (21).
The three albicidin PKS and NRPS genes (albI, albIV, and
albIX) of strain Xa23R1 encode six albicidin NRPS A domains
(Table 1) (28): (i and ii) AlbI module NRPS-1 and AlbI mod-
ule NRPS-3 A domains that are 96.4% identical in the A4-A5
region (these two domains carry the same NRPS signatures,
which did not match any defined amino acid or aryl acid code);
(iii) an AlbI module NRPS-2 A domain that contains an in-
complete and nonfunctional A4-A5 region; (iv) an AlbIV mod-
ule NRPS-5 A domain that carries an asparagine signature;
and (v and vi) AlbIX module NRPS-6 and AlbIX module
NRPS-7 A domains that are 100% identical in the A4-A5
region (these two domains carry the same NRPS signatures,
which also did not match any defined amino acid or aryl acid
code). Detailed analyses of AlbI and AlbIX NRPS-1, NRPS-3,
NRPS-6, and NRPS-7 signatures suggested that the four cor-
responding modules specify unknown nonproteinogenic aro-
matic substrates (28).
The genetic variation among albicidin biosynthetic genes
was first characterized by restriction fragment length polymor-
phism (RFLP) analysis. Total genomic DNA from 137 strains
of X. albilineans from worldwide locations was hybridized with
two DNA probes harboring the entire albicidin biosynthetic
gene cluster (9). Fourteen haplotypes and two major genetic
groups (albicidin gene RFLP [ALB-RFLP] group A and ALB-
RFLP group B) were identified, and strains that were isolated
after recent outbreaks of leaf scald disease belong to group
ALB-RFLP group B. Albicidin genetic diversity is very similar
to the previously described genetic diversity of the pathogen
based on the whole genome (14). Although no relationship
between variation in albicidin biosynthetic genes and variation
in the pathogenicity of X. albilineans strains was found (9, 10),
these results showed that outbreaks of sugarcane leaf scald
were linked to variation in the gene sequences coding for
albicidin biosynthesis.
Because albicidin is a major factor involved in the pathoge-
nicity of X. albilineans and because the albicidin primary struc-
ture is dictated partly by the substrate specificity-conferring
regions of the six albicidin NRPS A domains, we investigated
the polymorphism of these regions in 16 strains of the patho-
gen. Variation in the corresponding loci was then compared to
variation in two housekeeping genes (atpD and efp) of X.
albilineans and to variation in the amounts of albicidin pro-
duced in vitro by strains of the pathogen.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The sources of bacterial strains and
their relevant characteristics are given in Table 2. X. albilineans strains were
cultured routinely on modified Wilbrink’s medium at 28°C without benomyl (26).
Escherichia coli strains were grown on Luria-Bertani agar or in Luria-Bertani
broth at 37°C and were maintained and stored according to standard protocols
(30).
Design of PCR primers. Primer pairs were designed to amplify 0.5-kb DNA
fragments encoding the substrate specificity-conferring regions of the six albici-
din NRPS A domains based on the albI, albIV, and albIX sequences of X.
albilineans strain Xa23R1 (GenBank accession number AJ586576). The NRPS
gene primers corresponded to each side of the A4-A5 regions, which include all
key residues of the NRPS signatures (28, 32). The nucleotide sequences encoding
AlbI NRPS-1 and AlbI NRPS-3 A domains are 96.4% identical, and those
encoding AlbIX NRPS-6 and AlbIX NRPS-7 A domains are 100% identical.
Therefore, single amplification products corresponding to both AlbI NRPS-1
and AlbI NRPS-3 (referred to hereinafter as NRPS-1/3) and to both AlbIX
NRPS-6 and AlbIX NRPS-7 (referred to hereinafter as NRPS-6/7) were ex-
pected. Primer pairs to amplify housekeeping genes atpD and efp were designed
by S. Boudon (personal communication) from the genome sequence of X. axo-
nopodis pv. citri (GenBank accession number NC_003919). Primers were pur-
chased from Eurogentec (Seraing, Belgium) and are listed in Table 3.
PCR conditions. DNA templates were prepared by suspending a freshly grown
colony in 100 l of sterilized water. PCR amplifications were performed with the
automated thermal cycler PTC-100 (MJ Research, Inc., Watertown, MA). The
25-l PCR mix consisted of 5 l of the bacterial suspension, 2.5 l of 10 PCR
buffer without MgCl2 (Eurobio, Les Ulis, France), 120 M deoxynucleoside
triphosphate mix, 2.0 mM MgCl2 (Eurobio), 0.5 M (each) primers, 1 U of
EurobioTaqII (Eurobio), and the amount of sterilized distilled water required to
obtain the final volume. The PCR program was 95°C for 2 min; 25 cycles at 95°C
for 1 min, the melting temperature (Tm) for 1 min, and 72°C for 1 min; and a final
72°C extension for 5 min. Tms were calculated with the OligoAnalyser 3.0 pro-
gram (Integrated DNA Technologies, Inc., Coralville, IA) and were tested and
optimized for PCR amplification. For each pair of primers, the optimized Tm
TABLE 1. Modules, domains, NRPS signatures, and predicted
NRPS substrates of megasynthases encoded by the three
albicidin PKS and NRPS genes (albI, albIV, and albIX)
Megasynthase
(size [aa])a Module Domain(s)
b
Amino acid or
aryl acid NRPS
signaturec
Predicted
NRPS
substrate
AlbI (6,879) PKS-1 AL-ACP
PKS-2 KS-KR-ACP-ACP
PKS-3 KS-PCP
NRPS-1 C-A-PCP AVKYVANDAK Unknown
AFVYVANDAK Unknown
NRPS-2 C-A?-PCP
NRPS-3 C-A-PCP AVKYVANDAK Unknown
AFVYVANDAK Unknown
NRPS-4 C
AlbIV (941) NRPS-5 A-PCP DLTKIGEVGK Asparagine
AlbIX (1,959) NRPS-6 A-PCP AIKYFSIDMK Unknown
AFVYFSIDMK Unknown
NRPS-7 C-A-PCP-TE AIKYFSIDMK Unknown
AFVYFSIDMK Unknown
a aa, amino acids.
b NRPS and PKS domains are abbreviated as follows: AL, acyl coenzyme A
ligase; ACP, acyl carrier protein; KS, ketoacyl synthase; KR, ketoreductase; PCP,
peptidyl carrier protein; C, condensation; and TE, thioesterase. A? indicates that
the deleted A domain in NRPS-2 may be not functional.
c , amino acid signature; , aryl acid signature.
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varied between 52 and 54°C. A 5-l aliquot of each amplified product was
analyzed by electrophoresis through a 1.5% agarose gel.
DNA sequencing. The automated sequencing of PCR amplicons was carried
out with double-stranded DNA by dideoxynucleotide chain termination using an
ABI BigDye terminator cycle sequencing kit and an automated sequencer ac-
cording to the procedure specified by the manufacturer (Perkin-Elmer). Both
strands were sequenced with the primers used to amplify the PCR products. This
service was provided by Genome Express (Grenoble, France).
Sequence analysis. DNA sequences corresponding to the four A domains and
those of the two housekeeping genes were edited with BioEdit software (16) and
aligned with DNAMAN software (version 5.2.2; Lynnon Biosoft, Vaudreuil,
Quebec, Canada). Because the DNA fragments corresponding to the substrate
specificity-conferring regions of NRPS-1 and NRPS-3 were amplified with the
same set of primers, their respective sequences could not be differentiated.
Therefore, in all NRPS-1/3 sequences of the 16 strains of X. albilineans, the 14
nucleotides known to vary between the NRPS-1 and NRPS-3 sequences were
replaced with the corresponding letter of the degenerate DNA alphabet. Per-
centages of identity and homology, mean numbers of differences between se-
quences per synonymous nucleotide position (Ks) and per nonsynonymous po-
sition (Ka), and the Ka/Ks ratios were calculated with Swaap 1.0 software as
described by Pride and Blaser (23).
Phylogenetic analyses. Aligned sequences were analyzed with DARwin 4.0 soft-
ware (22). The Jukes-Cantor model (20) was used to correct distances for multiple
substitutions, and phylogenetic trees were constructed by the neighbor-joining
method (29). The robustness of nodes of the phylogenetic trees was assessed based
on 1,000 bootstrap resamplings, and bootstrap values were used as labels for internal
nodes of the complete trees. Bootstrap values and positions in the phylogenetic trees
were used to assign the bacterial strains to different clusters.
Albicidin production assays and experimental designs. Albicidin production
by strains of X. albilineans was tested with two microbiological assays based on
the activity of albicidin against E. coli. The first assay was performed with agar
plates as previously described (27), and the second assay was performed with
TABLE 2. Origins and characteristics of X. albilineans strains
Strain Origin
Year of
isolation
Author who
first
characterized
strain
Pathogenicity
in sugarcane
cv. H70–144a
PFGE group
(haplotype)b
Serovarc
ALB-RFLP
group
(haplotype)a
NRPS
phylogenetic
groupd
NRPS-2
phylogenetic
groupd
atpD
phylogenetic
groupd
Albicidin
productione in:
Agar
medium
Liquid
medium
LS156R1f Australia R. Birch I I I N N
BRA115 Brazil 1993 C. O. N.
Cardoso
Low B (B-11) 3 B (HB1) III III II L L-N
HVO005 Burkina Faso 1980 M. Chatenet F (F-01) 2 A (HA7) II II II H L
HVO082 Burkina Faso 1989 M. Granier High C (C-04) 2 A (HA2) II II II H N
DOM097 Dominican
Republic
1991 M. J. Davis A (A-01) 1 II II II H-M M
Xa23R1g Florida 1993 M. J. Davis Low A (A-03) 1 A (HA1) I I I H H-M
FIJ080 Fiji 1961 D. W. Dye Low E (E-02) 3 A (HA8) I I I H-M M
GLP056 Guadeloupe 1988 P. Rott B (B-01) 1 B (HB2) III III II M H
MTQ058 Martinique 1989 P. Rott I (I-01) 3 A (HA9) I I I H-M N
MTQ078 Martinique 1957 J. A. Spence Low B (B-01) 1 B (HB2) III III II M H-M
PNG130 Papua New
Guinea
1993 M. Chatenet Low H (H-01) 2 A (HA10) I I I M L-N
REU173 Re´union
Island
1995 J.-C. Girard Nil D (D-17) 1 A (HA6) II II II N N
REU174 Re´union
Island
1995 J.-C. Girard D (D-15) 1 II II II M L-N
REU209 Re´union
Island
1995 J.-C. Girard J (J-01) 1 A (HA2) II II II H-M L
LKA070 Sri Lanka 1962 A. C. Hayward G (G-01) 3 A (HA4) II II II M L
TWN052 Taiwan 1988 C. T. Chen High B (B-01) 1 B (HB3) III III II H H-M
a Data are from Champoiseau et al. (reference 9 and unpublished data). No data for strain DOM097 are given because the information in reference 9 corresponds
to a mislabeled strain.
b Data are from Davis et al. (14) and P. Rott et al. (unpublished data).
c Data are from Yang et al. (34) and Davis et al. (14).
d Data are from this study.
e Data are from this study. H, high; M, medium; L, low; N, none. The data on the production of albicidin are based on the E. coli GIR diameters on agar medium
and on the MIDs for E. coli growth in liquid medium (Tables 5 and 6).
f Spontaneously Rifr derivate of LS156 (LS155-xabA::Tn5 Kmr Str Tox [18]). Kmr, Rifr, and Str indicate resistance to kanamycin, rifampin, and streptomycin,
respectively. Tox, deficient in albicidin production.
g Spontaneously Rifr derivate of wild-type Xa23 from sugarcane (Florida) (27).
TABLE 3. Primers used for PCR and sequencing and characteristics of sequenced fragments
Gene, module, region Source strain(accession no.) Primer name Primer sequence (5–3)
Exptl Tm
(°C)
Length of sequenced
fragment (bp)
albI, NRPS-1/3, A4-A5 X. albilineans Xa23R1 (AJ586576) NRPS1-For TATGCGCAGCTGTACAACTG 54 455
NRPS1-Rev AGCACGTATACCTCGGTGTT
albI, NRPS-2, A4-A5 X. albilineans Xa23R1 (AJ586576) NRPS2-For TTCTGCCGAACTGGCGAATA 54 474
NRPS2-Rev GGCTGTGTGATCCACAATTC
albIV, NRPS-5, A4-A5 X. albilineans Xa23R1 (AJ586576) NRPS5-For ATTGCATCTATACCTCCGGC 54 592
NRPS5-Rev GGCTTGTTCACATAGCCGAT
albIX, NRPS-6/7, A4-A5 X. albilineans Xa23R1 (AJ586576) NRPS6-For CCTACGTGATGTATACCTCC 54 524
NRPS6-Rev TTGTTCGTCGAGCACATGGA
atpD X. axonopodis pv. citri (NP_643956) atpD-For GGGCAAGATCGTTCAGAT 52 833
atpD-Rev GCTCTTGGTCGAGGTGAT
efp X. axonopodis pv. citri (NP_642696) efp-For GTCAAGAACGGCATGAAGA 54 455
efp-Rev TCGTCCTGGTTGACGAAC
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liquid medium. The same inoculum was used to start both assays as follows. Ten
microliters of 110-l precultures of X. albilineans in saccharose-peptone (SP)
medium (2% sucrose, 0.5% peptone) at an optical density at 600 nm of 0.1
(approximately 109 CFU/ml) was spotted onto each plate of saccharose-peptone-
agar medium (2% sucrose, 0.5% peptone, and 1.5% agar). The remaining 100 l
of each preculture was deposited into 25 ml of SP medium.
Agar plates were distributed in a growth chamber at 28°C by using a random-
ized complete block design with four replications and were incubated for 5 days.
Plates were then overlaid with a mixture of E. coli DH5 (107 cells in 2 ml of
distilled water) and 2 ml of molten 1.5% (wt/vol) Noble agar (Difco) at approx-
imately 65°C and examined for growth inhibition zones after 24 h at 28°C. The
bioassay was repeated independently three times.
Tubes inoculated with SP medium were incubated under agitation at 120 rpm
at 28°C for 5 days. Two-milliliter aliquots of bacterial cultures were then centri-
fuged for 3 min at 11,000 g, and 1.5-ml aliquots of the supernatant were diluted
2-, 4-, and 10-fold. Fifty microliters of undiluted supernatant and 50 l of each
dilution were deposited into wells of a 96-well microtitration plate (but only the
60 inner wells of each plate were used). Fifty microliters of a 200-times-diluted
culture of E. coli DH5 at an optical density at 600 nm of 0.4 was then added to
each well. The supernatant dilution series corresponding to each strain of X.
albilineans were distributed among the wells of the microtitration plates by using
a randomized incomplete block design with four replications. Each microtitra-
tion plate represented one block, and two plates constituted one replication of 16
strains of X. albilineans. Microtitration plates under agitation at 120 rpm were
incubated at 28°C for 24 h and then examined for the maximum inhibitory
dilution (MID). The optical density of the contents of each well was determined
using an MRX microplate reader (Dynatech Laboratories), and the MID was
defined as the last dilution at which no growth of E. coli DH5 was detected. The
bioassay was repeated independently three times.
Statistical analysis. All bioassay data were subjected to analysis of variance
using Tukey’s range test with version 13 software (Minitab Inc., Paris, France).
RESULTS
Variability of NRPS A domains. Four to eight allelic variants
(sequences differing by at least one nucleotide) corresponding
to each NRPS module were identified among the 16 strains of
X. albilineans (Table 4). No deletion or insertion in any of the
gene fragments was found when sequences were compared to
the sequence of reference strain Xa23R1, and substitutions
were distributed all across the DNA sequences. Percentages of
identity and homology of the NRPS A domains (A4-A5 re-
gions) of the 16 strains of X. albilineans varied from 99.33%
(module NRPS-6/7) to 99.75% (module NRPS-1/3) and from
99.73% (module NRPS-2) to 99.93% (module NRPS-6/7), re-
spectively (Table 4). Mean numbers of differences between
sequences per synonymous nucleotide position (Ks) and per
nonsynonymous nucleotide position (Ka) varied from 0.45 to
2.75 and from 0.03 to 0.12, respectively. The Ka/Ks ratio was
clearly below 1 whatever the locus, and it varied between 0.01
and 0.16.
Variability of housekeeping genes. Four allelic variants of
the atpD gene (encoding the B subunit of the FoF1 ATPase
complex) were found, but no variants of the efp gene (encoding
elongation factor P) were discovered (Table 4). The percent-
ages of identity of the atpD and efp genes were 98.46 and
100%, respectively. The percentages of homology of the atpD
and efp genes were 99.79 and 100%, respectively. The Ks and
Ka were 6.76 and 0.09 for the atpD gene, respectively, and nil
for the efp gene. The Ka/Ks ratio for the atpD gene was 0.014.
Diversity of sequences and clustering of strains of X. albi-
lineans. Although the degree of genetic variation was low, the
16 strains of X. albilineans were distributed among several
groups and subgroups by phylogenetic analysis with the se-
quence of each NRPS module or the concatenated sequence of
the four modules. The topologies of the phylogenetic trees
varied slightly according to each module (data not shown).
Strain grouping was, however, very similar for NRPS-2 se-
quences and the concatenated sequence of the four NRPS
modules, and the 16 strains of the pathogen were distributed
among three major groups (Fig. 1): group I contained five
strains (MTQ058, FIJ080, Xa23R1, LS156R1, and PNG130),
group II comprised seven strains (HVO005, LKA070,
HVO082, DOM097, REU173, REU174, and REU209), and
group III contained four strains (TWN052, GLP056, MTQ078,
and BRA115). All strains of group III belonged to PFGE
group B and to ALB-RFLP group B (Table 2). The 16 strains
of X. albilineans were distributed between two groups by phy-
logenetic analysis with the sequence of the atpD housekeeping
gene (Fig. 2): group I contained five strains (MTQ058, FIJ080,
Xa23R1, LS156R1, and PNG130), and group II included the
remaining 11 strains. Additionally, all sequences of strains
LS156R1 (from Australia) and Xa23R1 (from Florida) were
identical, whatever the locus. The same result for strains
FIJ080 (from Fiji) and MTQ058 (from Martinique) was ob-
served.
When reference strain Xa23R1 was compared to the 15
other strains of X. albilineans, seven polymorphic nucleotides
in the sequence corresponding to that flanked by motifs A4
and A5 of the NRPS A domain of module NRPS-2 were
identified. Among these nucleotides, three specific synony-
mous substitutions were closely related to the distribution of
strains TWN052, GLP056, MTQ078, and BRA115 into
NRPS-2 phylogenetic group III, PFGE group B, and ALB-
RFLP group B (Table 2). Concurrently, these substitutions
were related to the distribution of the other 11 strains into
NRPS-2 phylogenetic groups I and II, several PFGE groups,
and ALB-RFLP group A. This result was confirmed by an
additional study of the NRPS-2 sequences of 32 strains of X.
albilineans from various geographical locations, including 12
TABLE 4. Sequence polymorphism of gene fragments corresponding to four NRPS A domains and two housekeeping genes of
16 strains of X. albilineansa
Gene, module, region No. of allelic variants % Identity % Homology Ks Ka Ka/Ks ratio
albI, NRPS-1/3, A4-A5 4 99.75  0.24 99.83  0.30 0.45  0.45 0.07  0.13 0.162  0.162
albI, NRPS-2, A4-A5 5 99.43  0.39 99.73  0.29 2.14  1.71 0.12  0.13 0.055  0.086
albIV, NRPS-5, A4-A5 4 99.69  0.33 99.83  0.25 1.03  1.09 0.08  0.11 0.074  0.064
albIX, NRPS-6/7, A4-A5 8 99.33  0.47 99.93  0.18 2.75  2.02 0.03  0.08 0.011  0.056
atpD 4 98.46  1.63 99.79  0.23 6.76  7.16 0.09  0.1 0.014  0.01
efp 0 100 100 0 0 0
a Values given with “” are means  standard deviations.
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strains belonging to several PFGE groups and ALB-RFLP
group A and 20 strains belonging to PFGE group B and ALB-
RFLP group B (data not shown).
Variability of the selectivity-conferring codes of albicidin
NRPSs. The selectivity-conferring codes (the amino acid
NRPS signatures or the aryl acid NRPS signatures) of albicidin
synthases AlbI, AlbIV, and AlbIX in all 16 strains of X. albi-
lineans were identical, with one exception. The NRPS signa-
ture of NRPS-1 in strain LKA070 from Sri Lanka differed from
the signature of the other 15 strains by the replacement of a
valine with an alanine at the ninth amino acid position.
Albicidin production. In the agar bioassay, the diameters of
the E. coli growth inhibition rings (GIRs) varied from 0 to 18.7
mm among the 16 strains of X. albilineans, and four albicidin
production groups were identified (Table 5): a high-level-pro-
duction group of eight strains corresponding to mean GIR
diameters ranging from 15.3 to 18.7 mm, an intermediate-
level-production group of five strains corresponding to mean
FIG. 1. Neighbor-joining trees for Xanthomonas albilineans constructed by using the A domains of the NRPS-2 modules (A) and the
concatenated A domains of NRPS modules 1/3, 2, 5, and 6/7 (B) of 16 strains. The trees are based on distances corrected according to the
Jukes-Cantor model, and only bootstrap values higher than 70% (from 1,000 bootstrap resamplings) are displayed at nodes.
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GIR diameters ranging from 12.8 to 14.4 mm, and a low-level-
production group comprising only one strain corresponding to
a mean GIR diameter of 9.3 mm. No albicidin production by
two strains, LS156R1 and REU173, was detected in any of
the agar assays. Among strains of the high-level-production
group, reference strain Xa23R1 produced the highest level of
albicidin.
In the liquid medium assay, the mean MIDs for the 16
strains of X. albilineans varied from 0- to 5.3-fold, and four
groups were identified (Table 6): a high-level-production
group of four strains for which mean MIDs ranged from 3.4- to
5.3-fold; an intermediate-level-production group of two strains
for which mean MIDs were 2.0- and 2.1-fold, and a low-level-
production group comprising six strains for which mean MIDs
ranged from 0.1- to 0.7-fold. No albicidin production by four
strains, MTQ058, HVO082, LS156R1, and REU173, was de-
tectable.
Relationship between genetic variation and variation in
pathogenicity and metabolic characteristics of 16 strains of X.
albilineans. The degrees of genetic variability of key sequences
of albicidin biosynthesis genes and the amounts of albicidin
produced in vitro from 16 strains from worldwide locations
were compared (Tables 2 and 6). High degrees of variability in
the amounts of albicidin produced in vitro (high-level produc-
tion to no production) by strains that were ranked in the same
PFGE group, serovar, NRPS phylogenetic group, or atpD phy-
logenetic group were shown. For example, strains BRA115
(from Brazil), GLP056 (from Guadeloupe), MTQ058 (from
Martinique), and TWN052 (from Taiwan) all belonged to
PFGE group B, ALB-RFLP group B, and NRPS-2 phyloge-
netic group III, but their levels of albicidin production varied
from low to high. Similarly, strains belonging to the same
PFGE group, serovar, NRPS phylogenetic group, or atpD phy-
logenetic group showed variation in pathogenicity. For exam-
ple, strains BRA115, MTQ078, and TWN052, which belonged
to the same genetic groups, differed in levels of pathogenicity
from low to high (Table 2).
TABLE 5. Albicidin production in agar medium by
16 strains of X. albilineans
Strain GIR diama (mm) Production groupb
Xa23R1 18.7 a H
HVO005 17.2 b H
HVO082 17.1 b H
TWN052 16.9 b H
DOM097 16.6 bc H-M
MTQ058 16.1 bc H-M
FIJ080 15.9 bc H-M
REU209 15.3 bcd H-M
REU174 14.4 cd M
GLP056 14.4 cd M
LKA070 14.1 d M
MTQ078 13.3 d M
PNG130 12.8 d M
BRA115 9.3 e L
LS156R1 0 f N
REU173 0 f N
a Values are the means of results for 12 plates from three independent assays
of four plates each. Values followed by the same letter(s) are not significantly
different at P of 0.05 according to Tukey’s test.
b Grouping is based on mean GIR diameters and statistical results. Abbrevi-
ations: H, high (GIR diameter, 15.0 mm); M, medium (GIR diameter, 10.1 to
15.0 mm); L, low (GIR diameter, 0.1 to 10.0 mm); N, no albicidin production
(GIR diameter, 0 mm). Strains attributed to two groups (H-M) are strains that
belong to the high-level-production group based on the numerical measurement
of albicidin production but for which this numerical value was not significantly
different from values for strains of the medium-level-production group after
statistical analysis of data.
FIG. 2. Neighbor-joining tree of Xanthomonas albilineans con-
structed by using the atpD genes of 16 strains. The tree is based on
distances corrected according to the Jukes-Cantor model, and only
bootstrap values higher than 70% (from 1,000 bootstrap resamplings)
are displayed at nodes.
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DISCUSSION
We investigated herein variations in the signature sequences
of NRPS A domains which could result in the biosynthesis of
different molecules of the pathotoxin albicidin. However, the
signature sequences of the four studied A domains did not vary
among 16 strains of X. albilineans, with one exception: the
signature of module NRPS-1/3 of strain LKA070 varied at the
ninth amino acid position. This residue involved in substrate
specificity was a valine in strain LKA070, whereas it was an
alanine in the remaining 15 strains of X. albilineans. However,
it can be hypothesized that this small variation does not modify
substrate specificity for the following reasons. (i) The valine-
for-alanine substitution replaces a simple aliphatic amino acid
with a branched aliphatic amino acid exhibiting the same phys-
ical and chemical properties; this substitution, therefore, does
not result in significant stereochemical modifications which
may modify the tertiary structure of the substrate binding
pocket. (ii) Variations in amino acid residues within signature
sequences of NRPS A domains exist in prediction models; for
example, the ninth residue in the prediction model of Stach-
elhaus et al. is highly variable (32). Additionally, the prediction
model of Challis et al. (8) considers only 8 of 10 residues from
the previous model and excludes residues 9 and 10, which are
considered less informative. (iii) Single valine-for-alanine sub-
stitutions in the signature sequences of the A domains of the
fengycin synthase from Bacillus subtilis and the tyrocidine syn-
thetase II from Brevibacillus brevis have been described previ-
ously, and these two domains both specify the same amino acid
(32). The high degree of conservation among the signature
sequences of NRPS A domains in 16 different strains of X.
albilineans strongly supports the hypothesis that the albicidin
NRPS substrate specificities are not involved in the observed
pathogenic variation among strains of X. albilineans. There is
still some uncertainty regarding the signature sequences of
NRPS-1, NRPS-3, NRPS-6, and NRPS-7 modules because
their related signatures do not exist in databases and the crit-
ical residues involved in specificity in these modules may be
different from amino acid or aryl acid signatures. However,
phylogenetic analyses of the amino acid sequences of the A
domains of NRPS-1, NRPS-3, NRPS-6, and NRPS-7 modules
did not reveal any nonsynonymous mutation putatively linked
to variation in pathogenicity.
The complete nucleotide sequences corresponding to the
NRPS A domains (A4-A5 regions) also showed very low levels
of polymorphism, and the percentages of identity of the se-
quences encoding the six A domains of the 16 strains of X.
albilineans varied only between 99.33 and 99.75%. Because
genes may evolve at different speeds according to their cate-
gory (19), the level of polymorphism in the A domain-encoding
sequences of X. albilineans was compared to the level of poly-
morphism in two housekeeping genes of this pathogen. Func-
tional constraints play an essential role in evolution speed, and
functional genes are more conserved among strains. This trend
toward conservation is especially evident for the housekeeping
genes found within a species, a genus, or even different king-
doms (11, 19). Because they are highly conserved, housekeep-
ing genes can be used to trace phylogenies, and they are a
typical example of genes under purifying selective pressure.
The mean percentages of identity of the sequences of the
albicidin biosynthesis genes and those of the sequences of the
housekeeping genes atpD and efp of the 16 strains of X. albi-
lineans were similar. Additionally, the Ka/Ks ratios for the
albicidin biosynthesis genes were not significantly different
from those for the housekeeping gene atpD, suggesting that
albicidin biosynthesis genes are subjected to the same natural
selective pressure as genes that are highly conserved. More-
over, most of the nucleotide replacements were at the third
codon position (data not shown), confirming the absence of
evolution of these loci involved in toxin biosynthesis. These
data also reflect the importance of functional albicidin biosyn-
thesis genes in X. albilineans.
Several genetic groups of X. albilineans strains with neutral
markers (14) and pathogenicity markers (9, 10) have been
identified, and specific genotypes (PFGE group B and ALB-
RFLP group B) of the pathogen have been associated with the
leaf scald outbreaks that occurred during the last two decades.
Although the degree of diversity of the NRPS A domains was
low, three nucleotides corresponding to the NRPS-2 module
also allowed us to identify the genotypes involved in leaf scald
outbreaks, and therefore, an analysis of the entire genome of
X. albilineans will no longer be necessary to differentiate these
genotypes of the pathogen. However, these nucleotides are not
informative regarding the genetic origin of the disease out-
break strains.
Levels of albicidin production varied among strains of the
pathogen but also according to the bioassay. Several strains
(HVO005, HVO082, MTQ058, and REU209) showed medium
to high levels of albicidin production in the agar medium bio-
assay but low levels of production or no production in the
liquid medium bioassay. Albicidin production, therefore, ap-
pears to depend very strongly on culture conditions, and levels
TABLE 6. Albicidin production in liquid medium by
16 strains of X. albilineans
Strain MID (n-fold) (rank)a Production groupb
GLP056 5.3 (15.1) a H
MTQ078 3.8 (14.1) ab H-M
TWN052 4.5 (13.7) ab H-M
Xa23R1 3.4 (13.2) ab H-M
FIJ080 2.0 (12.1) b M
DOM097 2.1 (11.0) b M
HVO005 0.7 (8.0) c L
LKA070 0.7 (7.0) cd L
REU209 0.4 (6.5) cd L
BRA115 0.5 (6.2) cde L-N
PNG130 0.5 (6.2) cde L-N
REU174 0.1 (4.8) de L-N
MTQ058 0 (4.5) e N
HVO082 0 (4.5) e N
LS156R1 0 (4.5) e N
REU173 0 (4.5) e N
a Each MID is the mean of results for 12 tubes from three independent assays
of four tubes each. Statistical analysis was performed after rank transformation
of MIDs (12), and each rank value is the mean of results for 12 tubes. Values
followed by the same letter are not significantly different at P of 0.05 according
to Tukey’s test.
b Grouping is based on mean MIDs and statistical results. Abbreviations: H,
high (MID, 3-fold); M, medium (MID, 1.1- to 3-fold); L, low (MID, 0.1- to
1-fold); N, no albicidin production (MID, 0-fold). Strains attributed to two
groups (H-M or L-N) are strains that belong to the first group based on the
numerical measurement of albicidin production but for which this numerical
value was not significantly different from values for strains of the second group
after statistical analysis of data.
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of in planta production of albicidin may also differ according to
the sugarcane cultivar and plant growth conditions. No rela-
tionship between albicidin production and variation in patho-
genicity or variation in the genetic characteristics of the 16
strains of X. albilineans was found. Therefore, differences in
pathogenicity among strains of the pathogen are apparently
not linked to the production of different albicidin molecules or
to a higher level of production of albicidin by strains involved
in the recent outbreaks of sugarcane leaf scald.
The results reported herein show that NRPS A domains in
X. albilineans are highly conserved and that variation in the
substrate specificities of these domains is therefore not in-
volved in the observed pathogenicity differences among strains
of this pathogen. Mutations in other sequences involved in
albicidin biosynthesis (sequences encoding PKS modules or
modification enzymes) may play a role in the variation in al-
bicidin structure and pathogenicity. Structural analyses of al-
bicidin molecules produced by the different strains of X. albi-
lineans will be necessary to strictly validate this hypothesis. The
recently described strategy to overproduce albicidin (33) is a
promising approach to characterizing the structure of albicidin
and to studying its variation. Additionally, genes other than
those involved in albicidin biosynthesis must play a critical role
in the variation in pathogenicity, and these genes remain to be
identified. The annotation of the entire genome of X. albilin-
eans that is in progress should result in their identification and
study.
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